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•The  bocquorcl  (Hq)  is  the*  SI  unit  of  radioactivity;  1  Bq  1  event/s. 

••The  (Irav  (<»>)  is  the  SI  unit  of  absorbed  radiation. 

A  more  complete  listing  of  conversions  may  lie  found  in  "Metric  Practice  Guide  E  380-74 
American  Society  for  Testing  and  Materials. 
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1 . 0  SUMMARY 


The  Noise  Cancellation  Transducer  (NCT)  program  had  as 
its  objective,  the  development  and  test  of  a  new  transducer 
concept  intended  to  permit  the  measurement  of  boundary  layer 
signals  in  the  presence  of  high  background  noise.  Previous 
experience  with  the  acoustic  measurement  of  boundary  layer 
signals  in  wind  tunnels  with  the  Boundary  Layer  Acoustic 
Monitor  (BLAM)  sensor  have  indicated  that  low  signal  to  noise 
ratios  (S/N  ~1)  results  have  been  obtained  due  to  the  high 
background  acoustic  noise  occuring  in  the  wind  tunnels. 

A  proposed  NCT  concept  was  designed,  developed  and  tested, 
and  the  program  work  is  described  in  this  report.  The  design 
efforts  included  electronic  circuitry  as  well  as  the  prototype 
NCT,  laboratory  test  methods  and  development  of  NCT’s.  These 
development  efforts  are  described  in  Section  3.0.  Some  interesting 
data  were  obtained  on  a  conical  model  in  AEDC  Tunnel  B  which 
suggests  that  the  acoustic  boundary  layer  signal  is  capable 
of  offering  a  much  more  definitive  understanding  of  boundary  layer 
phenomena  than  data  from  other  techniques.  A  test  was  also 
conducted  in  a  small  Mach  3  facility  which  provided  data  to 
verify  that  the  NCT  principles  were  indeed  valid.  Conclusions 
and  recommendations  are  given  in  Section  4.0. 
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2.0  CONCEPT  AND  DEVELOPMENT 

2 . 1  NCT  Concept 

The  NCT  was  conceived  as  a  resalt  of  experience  with  the 
(BLAM)  in  wind  tunnel  tests  wherein  it  was  observed  that  back¬ 
ground  tunnel  noise  obscured  the  boundary  layer  acoustic 
signal .  In  studying  the  problem,  differences  in  the  character 
of  the  two  signal  sources  were  noted  which  could  possibly 
be  used  for  signal-to-noise  improvement.  Both  the  noise  and 
signal  sources  at  the  point  of  origin  are  random  spatially 
and  temporily  and  thus  nominally  indistinguishable.  The 
noise  from  the  tunnel,  however,  is  due  primarily  to  a  turbulent 
boundary  layer  on  the  nozzle  wall  and  propagates  some  distance 
prior  to  incidence  on  the  test  model.  Because  the  wave  from 
a  small  area  noise  on  the  tunnel  wall  propagates  spherically, 
the  wave  front  is  spatially  coherent  over  a  relatively  large 
area  at  the  model  surface.  On  the  other  hand,  the  area  over 
which  the  boundary  layer  signal  on  the  mod^T  is  coherent  is 
small.  Thus  if  a  transducer  were  arranged  such  that  the  un¬ 
desired  spatially  coherent  components  of  a  detected  signal 
were  suppressed  then  the  non-coherent  desired  signal  components 
could  be  more  easily  measured. 

A  transducer  configuration  is  shown  in  Figure  1  which 
offers  the  potential  for  meeting  the  requirements  stated  in 
the  preceding  paragraph.  In  this  configuration,  two  detectors 
are  placed  a  short  distance  apart  on  the  protected  inside 
surface  of  the  wind  tunnel  model.  The  outputs  from  the  detectors 
are  subtracted  in  a  wideband  difference  amplifier  and  the 
output  of  the  amplifier  is  processed  as  if  it  were  a  single 
BLAM  sensor. 
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The  separation  of  the  two  detectors  depicted  in  Figure  1 
is  a  critical  factor  in  the  noise  cancellation  technique.  The 
cancellation  of  background  noise  is  not  as  good  with  greater  sep¬ 
aration,  however,  the  desired  signal  reception  is  improved  by 
greater  separation.  Thus  a  trade  off  is  required  which  depends 
on  the  boundary  layer  signal  characteristics  as  well  as  the 
frequencies  at  which  operation  is  desired. 

The  model  wall  pressure  fluctuations  are  caused  by 
corresponding  boundary  layer  phenomena  which  have  been  invest¬ 
igated  by  a  number  of  researchers  who  have  measured  pertinent 
boundary  layer  parameters  including  frequency  content,  r.m.s. 

pressure  levels,  turbulence  pattern  decay,  correlation  lengths 
2-7 

etc.  In  these  references  data  were  included  which  indicates 

that  pressure  fluctuations  are  statistically  uncorrelated 
(phase  incoherent)  in  distances  comparable  to  the  boundary 
layer  velocity  thickness  5.  Reference  6  included  the  data 
presented  graphically  in  Figure  2  illustrating  that  correla¬ 
tion  in  directions  lateral  and  parallel  to  the  flow.  This 
figure  shows  that  the  boundary  layer  signals  become  uncorrelated 
in  a  shorter  distance  in  the  lateral  direction  thar  in  the 
parallel  direction. 

These  data  indicate  that  at  a  sufficient  separation 
distance  the  signal  is  uncorrelated  and  only  minimally  reduced 
when  subtracted  in  the  sensor  pair.  On  the  other  hand,  as 
the  separation  distance  is  increased  the  unwanted  noise  from 
the  tunnel  wall  will  tend  to  decorrelate  on  the  model  surface 
and  subtraction  will  not  result  in  a  complete  cancellation. 

The  subtracted  difference  voltage  (AV)  characteristics  out  of 
the  sensor  pair  is  then  dependent  on  the  normalized  corre¬ 
lation  coefficients  for  the  signal  and  noise  (pn,  ps)  and  the 
difference  voltage  may  be  given  as: 
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Approximate  Contours  of  Equo/  Correlation 
Coefficient  in  Unperturbed  Flow,  3.45 
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where : 


( 1-yos) 


2 

+  2V‘(l-pn)J 


V  =  Voltage  component  from  one  sensor  due  to  signal 
s 

=  Voltage  component  from  one  sensor  due  to  noise 

Ps  =  Normalized  correlation  coefficient  for  signal 

p  =  Normalized  correlation  coefficient  for  noise 
'n 


The  signal  to  noise  ratio  for  the  difference  voltage 
output  is: 

1/2 


(S/N), 


_  / 1-  Ps\ 

'  Vn  pn) 


and  this  can  be  larger  than  the  signal  to  noise  ratio  from  a 
signal  sensor  (vs/vn)  depending  upon  the  values  of  the 
signal  and  noise  correlations. 


The  exact  nature  of  signal  and  noise  propagation  from 
the  model  surface  to  the  sensors  imbedded  in  the  model  heat- 
shield  requires  numerical  solution  techniques  beyond  the 
scope  of  this  program.  It  is  apparent  that  heatshield/sensor 
interactions,  wave  propagation  in  the  heatshield  and 
heatshield/sensor  resonances  will  affect  both  the  signal  and 
noise  correlations  and  will  also  affect  the  NCT  signal  to 
noise  performance  improvement.  The  approach  to  develop¬ 
ing  a  workable  NCT  boundary  layer  sensor  on  this  program  has 
relied  primarily  on  laboratory  developments  and  empirical 
tests  to  provide  a  NCT  to  be  evaluated  in  controlled  wind 
tunnel  tests.  The  NCT  development  and  wind  tunnel  tests 
conducted  on  this  program  are  discussed  in  the  following 
sections. 
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2 . 2  Prototype  Development 

The  NCT  prototype  design  is  depicted  in  Figure  3.  Two 
small  crystals  were  placed  side  by  side  on  a  thin  aluminum 
plate  with  opposite  polarity  orientation  as  noted  in  the 
Figure.  The  circuit  shown  includes  two  preamplifiers  to 
buffer  the  high  impedance  of  the  crystal  to  the  lower  impedance 
of  the  balancing  or  "null"  potentiometer.  The  single-ended 
output  is  then  amplified  and  conditioned  by  additional 
circuitry. 

To  measure  the  performance  of  the  prototype  NCT  in  the 
laboratory  a  jet  of  air  flowing  from  a  small  orifice  was 
used  as  a  time-random  noise  source.  While  this  technique 
produced  a  qualitative  measure  of  the  effective  reduction  of 
a  spatially  coherent  noise  source,  the  desired  boundary 
layer  signal  could  not  be  generated  simultaneously.  The 
wind  tunnel  itself  appears  to  be  the  only  technique  for 
producing  the  unique  conditions  simultaneously. 

The  cancellation  of  air  nozzle  noise  by  the  prototype 
NCT  is  shown  in  Figure  4  versus  nozzle  distance.  This  plot 
shows  that  there  is  a  relatively  weak  dependence  on  distance. 
Frequencies  accepted  in  the  circuit  in  obtaining  the  data  in 
Figure  4  ranged  up  to  400  khz.  It  was  noticed  that  the 
cancellation  was  improved  in  certain  frequency  bands  within 
the  range  of  frequencies  being  used. 

Using  a  narrow  frequency  band  and  smaller  crystals 
produced  better  cancellation  ratios  in  the  laboratory, 
however,  the  ratios  were  still  lower  than  desired.  A  careful 
examination  of  the  data  and  spectrum  analyzer  displays 
showed  that  the  plate  on  which  the  NCT  was  mounted  was  the 
greatest  source  producing  uncorrelated  components  which  were 
not  cancelled  out  in  the  difference  voltage  output. 
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Figure  4.  Effective  Cancellation  Ratio 
(Air  Nozzle  Excitation) 


The  approach  then  turned  to  techniques  to  reduce  the 
effect  which  resonances  of  the  plate  might  have  on  the  NCT 
performance.  The  result  of  this  investigation  was  the 
development  of  a  design  similar  to  the  final  design  con¬ 
figuration  of  the  NCT,  shown  in  Figure  5.  Features  of  this 
design  include  a  thin  face  plate  on  which  the  crystals  are 
mounted  and  a  heavy  wall  cylinder  the  purpose  of  which  is 
to  provide  stiffening  in  the  area  of  the  sensors. 

The  prototype  NCT  was  tested  on  several  surfaces  repre¬ 
senting  those  which  are  found  in  wind  tunnel  models.  The 
gage  was  mounted  inside  a  0.13  cm  alumunium  cone  frustum,  a 
1  cm  thick  carbon  phenolic  (CP)  cone  and  in  a  counterbored 
hole  on  the  1  cm  CP  cone.  The  configurations  are  sketched  in 
Figure  5. 

In  terms  of  the  air  nozzle  noise  cancellation  ratios 
were  measured  for  the  three  installations  as  follows: 


Configuration 


Cancellation  Ratio 


0.13  cm  Aluminum  wall 
1.0  cm  CP 

Counterbored  1.0  cm  CP 


4  to  6 
2  to  3 
8  to  12 


It  was  noticed  that  the  best  cancellation  ratio  appeared  to  be 
in  the  50  khz  to  70  khz  frequency  band  as  indicated  by  a 
spectrum  analyzer  display  of  the  sensor  output. 

In  addition  to  the  NCT  sensors,  a  general  purpose  ampli¬ 
fier  was  designed  which  could  be  applied  in  the  laboratory  and 
to  wind  tunnel  measurements.  The  circuit  of  this  amplifier  is 
shown  in  Figure  6;  it  is  a  linear  FET  amplifier  with  response 
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0.13  cm  Al .  Plate 


NCT  Configuration 


Figure  6  .  NCT  Breodboa 


to  over  1  MHz  followed  by  a  precision  envelope  detector.  The 
output  is  a  d.c.  voltage  proportional  to  the  acoustic  signal 
amplitude  at  the  center  arm  of  the  balance  potentiometer.  The 
amplifier  requires  a  balanced  +15  volt  power  supply  and  can 
produce  up  to  10  volts  at  the  output. 

To  summarize,  the  NCT  sensor  developed  on  this  program 
consists  of  two  reversed  polarity  PZT  crystals  contained  in  a 
heavy  wall  cylindrical  housing.  Based  upon  the  laboratory  air 
muzzle  tests,  the  sensor  spacings  was  selected  to  be  approximate¬ 
ly  2  mm.  The  counterbored  CP  heatshield  installation  with  the 
NCT  approximately  1  mm  from  the  flow  appeared  to  perform  the 
best  in  the  laboratory.  The  linear  FET  difference  amplifier 
used  with  the  precision  envelope  detector  is  the  signal  condi¬ 
tioner  unit  most  applicable  for  NCT/wind  tunnel  testing. 


3.0  GROUND  EVALUATION  TESTS 


3 . 1  Small  Model  Wind  Tunne 1  Test 

To  obtain  an  early  verification  of  the  NOT  concept,  a 
wind  tunnel  test  was  planned  and  carried  out  at  the  Ford 
Aerospace  and  Communication  Corporation  (FACC)  Supersonic 
Wind  Tunnel  (SWT)  in  Newport  Reach,  California.  The  test 
objectives  centered  on  obtaining  data  from  the  prototype  HCT 
in  an  environment  containing  both  signal  and  noise. 

The  SWT  tunnel  operating  parameters  are  shown  in  Table  1. 

Table  1 

FACC/ SWT  Wind  Tunnel  Paramet e r s 

MACH  3 

T  =  38°C 
o 

Pq  =-  200  mm  Hg  to  730  mm  Hg  continuously  variable 

Reynolds  No  -  2.6  to  6.9  x  106/m. 

Test  Area  -  8  cm  x  12  cm 

Due  to  the  small  tunnel  size  it  was  necessary  to  limit 
the  base  diameter  of  the  model  to  approximately  2.5  cm.  The 
model  design  and  NCT  locations  are  shown  in  Figure  7;  it  was 
machined  out  of  a  solid  cylinder  of  stainless  steel  and  had 
a  cavity  in  the  back  in  which  the  NCT's  were  installed.  The 
wall  thickness  which  separated  the  NCT  from  the  flow  was 
1  mm. 


Because  the  model  was  so  small,  the  NCT’s  were 
constructed  integrally  into  the  model  with  no  heavy  wall 
cylinder.  Some  problems  were  experienced  in  controlling 
the  effects  of  cone  resonances  but  by  potting  the  base 
cavity  with  epoxy,  satisfactory  damping  was  achieved.  In 
the  KSC  laboratory,  a  cancellation  ratio  of  3:1  was 
observed  with  the  air  nozzle  source. 
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As  noted  in  Figure  7,  the  model  was  built  with  two 
NCT's,  in  one  of  which  the  two  crystals  were  aligned 
parallel  to  the  model  axis  and  in  the  other  the  two  crystals 
were  aligned  normal  to  the  model  axis.  The  purpose  for  this 
arrangement  was  that  of  providing  a  test  of  the  NCT  function 
which  is  based  on  the  acoustic  correlation  length  in  the 
boundary  layer.  As  indicated  earlier,  the  cross-axis 
transducer  was  anticipated  to  function  better  than  the  parallel- 
axis  transducer  because  correlation  lengths  are  longer  in  the 
parallel-axis  direction.  (See  Figure  2). 

The  wind  tunnel  experiment  consisted  of  a  series  of 
runs  in  which  the  tunnel  pressure  (P  )  was  varied  uniformly 
to  produce  corresponding  Reynolds  number  variations.  Data 
at  each  Reynolds  number  were  acquired  via  a  digital  volmeter 
and  a  spectrum  analyzer  which  had  response  ranging  up  to 
100  khz. 

The  signal  from  each  crystal  was  brought  out  independently 
through  a  coaxial  cable  to  the  circuit  shown  in  Figure  6; 
data  were  recorded  on  the  spectrum  analyzer  from  the  filtered 
amplifier  a.c.  output  taken  off  just  before  the  precision 
rectifier  or  from  the  center  arm  of  the  balance  potentiometer. 
All  d.c.  voltages  recorded  were  at  the  output  of  the  precision 
rectifier. 

Examples  of  the  d.c.  voltage  data  obtained  in  this 
test  are  shown  in  Figures  8  througn  11.  Data  in  Figures  8 
and  9  were  taken  over  a  tunnel  pressure  range  of  350  to 
730  mm  Hg  with  no  external  transition  trips  on  the  model. 

Under  these  conditions  turbulence  did  not  occur  over  the  NCT 
locations  for  the  range  of  tunnel  pressures  and  was  observed 
to  occur  only  at  the  aft  end  of  the  model  at  the  730  mm  Hg 
pressures  (Ref.  11).  The  data  of  Figures  8  and  9  do  show 
an  increase  in  output  at  the  highest  tunnel  pressures 
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indicating  that  transition  to  turbulence  is  starting  at  the 
NCT  locations.  The  data  shown  in  Figures  10  and  11  were 
taken  with  an  axisymmetric  transition  trip  installed 
near  the  forward  tip  of  the  model  which  caused  turbulence 
at  the  NCT  locations.  The  three  curves  shown  in 
each  of  these  figures  are  the  null  position  difference 
voltage  outputs  for  three  identical  data  sets  and  thus 
indicate  the  type  of  repeatability  which  was  acheived. 

Transition  is  clearly  observed  in  the  cross  flow  NCT 
configuration  shown  in  Figure  11  although  it  is  not  as 
distinct  in  the  parallel  flow  NCT  configuration  data  of 
Figure  10. 

Additional  information  is  shown  in  Figures  12  and  13  which 
are  spectral  plots  of  the  cross-axis  transducer  output  for 
tunnel  pressures  of  520  and  610  mm  Hg.  Figure  12  is  a  plot 
of  filted  a.c.  amplifier  output  voltage  and  shows  that  at 
the  frequency  of  the  filter  (50  khz),  a  distinct  peak 
indicates  transitions.  The  broadband  data  in  Figure  12  show 
that  only  selected  frequencies  indicate  transition.  This 
broadband  signal  was  obtained  at  the  input  of  the  amplifier 
at  the  balance  potentiometer  null  output. 

The  results  of  the  SWT  wind  tunnel  test  showed  that  even 
on  this  very  small  model,  the  NCT  detected  transition  in  the 
presence  of  a  high  background  noise.  The  signal-to-noise  ratio 
was  improved  for  the  cross  flow  configuration  but  not  as  greatly 
as  hoped  for  perhaps  because  of  model  surface  curvature. 

3 . 2  AEDC  Wind  Tunnel  Test 

L  Test  Summary  Information 

The  primary  purpose  for  conducting  a  wind  tunnel  test  was 
that  of  proving  that  the  NCT  would  function  as  postulated  in  a 
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Figure  10  ■  NCT  Parallel  to  Flow  with  Trip  (Null  Output) 


Spectral  Amplitude 
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noise  environment.  To  accomplish  this  objective,  a  sharp  con¬ 
ical  model,  on  which  were  installed  a  number  of  NCT's  was  placed 
in  hypersonic  flow  at  varying  Reynolds  numbers.  The  Reynolds 
numbers  in  the  wind  tunnel  were  chosen  such  that  both  laminar 
and  turbulent  flow  would  ’be  present  on  the  model.  The  NCT,  if 
functioning  properly,  would  produce  a  signal  with  improved 
signal-to-noise  ratio  in  response  to  the  turbulent  boundary 
layer. 


At  the  request  of  DNA,  the  wind  tunnel  test  was  planned 
and  implemented  as  a  "piggyback"  in  conjunction  with  a  series 
of  on-going  tests  being  conducted  by  another  DNA  prime 
contractor.  Prototype  Development  Associates  (PDA).  The  PDA 
program  included  entry  into  the  AEDC  Tunnel  B  at  Mach  8  with 
a  sharp  nose  model.  Test  parameters  with  a  spinning  model 
were  as  follows: 

M,,,  =  8.0 

Re,*,  =  3.6,  1.2,  0.6  mill  ion/ me  ter 

Spin  rate  =0,  1,  2,  3  rps 

Angle  of  attack  =  0,  0.3,  0.6,  1.2,  1.8,  3.6° 

Angle  of  attack  sweep  =  -6°  to  +6°  continuous 

The  test  model  design  was  based  on  the  piggyback  approach 
and  included  mechanical  and  electrical  interfacing  to  the 
PDA  model.  KSC-f urnished  parts  included  a  stainless  steel 
nose-tip  section,  a  carbon-phenolic  mid  section  and  an 
aluminum  aft  section.  These  parts  were  designed  to  interface 
with  the  PDA  substructure  which  was  mounted  on  the  tunnel 
string . 

Electrical  interfacing  was  accomplished  via  miniature 
rectangular  connectors  which  mated  to  PDA  connectors  inside 
the  model  shell.  A  photograph  of  the  model  is  shown  in 
Figure  14  and  a  layout  sketch  showing  instrumentation  is 
presented  in  Figure  15. 
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In  addition  to  NCT's,  fast  response  surface  temperature 
thermocouples  were  installed  in  the  model  and  are  visible 
in  the  photograph  of  Figure  14  as  the  circular  dots  on  the 
surface.  These  thermocouples  were  designed  to  be  useful 
primarily  for  fairly  rapid  temperature  change  detection  as  is 
experienced  on  the  surface  of  a  rotating  model  at  an  angle 
of  attack  with  intermittent  laminar  and  turbulent  flow  at  the 
thermocouple  location.  , 

Boundary  layer  transition  on  the  model  was  expected 
to  be  similar  to  that  measured  by  PDA  with  Gardon  gages 
in  identical  flow  condition.  Representative  PDA  results  are 
shown  in  Figures  16-20  for  unit  Reynolds  number  or  4  x  10~^ 
per  meter.  The  shaded  areas  on  the  model  show  the  measured 
locations  of  turbulence  at  angles  of  attack  up  to  6°,  It 
can  be  noted  that  transition  moves  rapidly  forward  on  the 

leeward  ray  at  small  angles  of  attack.  If  the  model  were  . 

rotating,  a  transducer  at  appropriate  locations  would  pass  j 

through  consecutive  zones  of  laminar  and  turbulent  flow. 

The  test  plan  as  originally  conceived  included  obtaining 
data  with  a  rotating  model  but  at  test  time  the  model  bearings 
were  inoperable.  Static  and  angle-of-attack  sweep  data  were 
obtained  but  not  with  a  rolling  model.  The  model  was  oriented 
so  that  at  an  angle  of  attack  one  array  of  transducers  (Ref. 

Figure  15)  was  leeward  and  the  other  array  was  on  the  windward 
azimuth. 

A  total  of  26  data  groups  was  obtained  during  the  allo¬ 
cated  time;  test  conditions  are  shown  in  Table  2.  Data  from 
groups  1059  through  1078  qualified  as  useful  test  data  and  were 
analyzed  to  determine  if  test  objectives  were  achieved. 
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Table  2 

AEDC  Wind  Tunnel  Test 
Data  Conditions 


Group  No. 

1053 

1054 

1055 

1056 

1057 

1058 

1059 

1060 
1061 
1062 

1063 

1064 

1065 

1066 

1067 

1068 

1069 

1070 

1071 

1072 

1073 

1074 

1075 

1076 

1077 

1078 


a(degrees) 


4x10 


NCT  Settings 
initial  Null  Search 


8xl0°/m 


1.25 

2.50 

0 

1.25 

2.50 

0 

1.25 

2.50 

-6  to  +6  Sweep 
0 

1.25 

2.50 

0 

1.25 

2.50 

0 

1.25 

2.50 

-6  to  +6  Sweep 


Null 


Right 


Left 


Null 


Right 


Left 


Null 
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Data  were  acquired  in  two  forms:  digital  and  analog. 
Digital  data  were  obtained  by  the  AEDC  data  system  which  samples 
transducer  d.c.  voltages,  converts  to  digital  form  and  records 
on  magnetic  tape.  Broadband  signals  from  the  NCT  balance 
potentiometer  were  recorded  on  a  Bell  and  Howell  3700B  analog 
tape  recorder  with  a  bandwidth  to  500  khz. 

3.2.2  Digital  Data 

Because  the  static  model  data  are  essentially  non-varying 
during  the  data  sampling  period,  the  data  are  presented  here 
in  tabular  form.  Table  3  contains  data  for  Re^  of  4  million/ 
meter  and  Table  4  is  a  list  of  data  for  Re^  of  8  million/ 
meter.  The  quantities  listed  are  gain  normalized  voltages 
sampled  at  the  NCT  amplifier  outputs  and  are  directly  pre¬ 
portioned  to  the  acoustic  signals  at  the  NCT  locations. 

Dynamic  data  were  obtained  in  two  groups  during  angle  of 
attack  sweep  from  -6°  to  +6°.  Plots  of  NCT  outputs  versus 
angle  of  attack  are  presented  in  Figures  21  through  32. 

Interpretation  of  the  digital  data  is  aided  by  pre-know¬ 
ledge  of  the  acoustic  characteristics  of  boundary  layer  signals 
in  a  variety  of  flow  conditions.  In  laminar  flow  conditions, 
essentially  no  wall  pressure  fluctuat;ons  are  produced  by  the 
boundary  layer.  Then  as  Reynolds  number  is  increased  in  the 
boundary  layer,  transition  characteristics  appear  and  as 
Reynolds  number  continues  to  increase,  full  turbulence  is 
observed.  In  the  transition  region,  boundary  layer  instabili¬ 
ties  occur  with  "a  variety  of  temporal  and  spatial  patterns" 
(Swinney  &  Gollub,  Ref.  9)  which  in  our  case  produce  a  large 
mid-frequency  amplitude  (est.  20-90  khz).  As  the  boundary 
layer  enters  into  full  turbulence  (increasingly  chaotic)  the 
pressure  fluctuation  spectrum  broadens  into  higher  frequencies 
and  the  NCT  output  is  somewhat  lower  than  that  in  the  transition 
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Figure  21.  NCT  1  -  vs  -  Alpha  (Broadband) 
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Figure  26  •  NCT  6  -  vs  -  Alpha 
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Figure  30.  NCT  4 
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Figure  31 .  NCT  5  -  vs  -  Alpha 
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Figure  32.  NCT  6  -  vs  -  Alpha 
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A  voltage  proportional  to  the  background  tunnel  noise  is 
always  present  in  the  NCT  output  which  can  mask  the  presence 
of  the  boundary  layer  signals.  The  interpretation  of  the  out¬ 
put  is  made  more  difficult  with  this  background  noise  because 
of  its  similarity  in  many  respects  to  the  boundary  layer 
signals.  Analysis  of  some  of  the  data  depends  on  relative 
amplitude  and  changes  or  trends  caused  by  a  parameter  variable 
such  as  Reynolds  number  which  varies  a  greater  percentage  than 
the  background  noise. 

The  static  data  in  Table  3  indicate  that  transition  at 
zero  angle  of  attack  is  located  forward  of  Nl,  N2  (station  78  cm) 
but  aft  of  N3,  N4  ,  (Station  61  cm).  It  may  also  be  observed 
that  as  angle  of  attack  is  increased  transition  moves  forward 
on  the  leeward  ray  (Nl,  N3,  N5)  but  the  levels  remain  the  same 
or  decrease  slightly  on  the  windward  ray  (N2,  N4 ,  N6 ) .  Levels 
shown  in  Table  3  should  be  used  with  caution  when  comparing  one 
channel  to  another  because  absolute  calibration  of  the 
transducers  was  not  possible.  Also  note  that  the  level  of  Nl  data 
has  been  influenced  by  the  amplifier  bandwidth  and  is  lower  because 
the  Channel  1  gain  was  low. 

The  narrowband  data  of  channels  N2  through  N6  provided 
better  transition  measurement  than  did  the  broadband  data 
of  channel  Nl,  an  observation  best  illustrated  by  the  NCT 
null  output  dynamic  data  in  Figure  21  and  Figure  22.  If 
channels  1  and  2  data  were  conditioned  identically  the  results 
would  have  been  symmetrical  change  in  signal  level  with 
respect  to  aas  was  observed  for  channels  3  and  4  (Figures  23 
and  24)  and  channels  5  and  6  (Figures  25,  26). 

Figures  23  through  26  illustrate  the  capability  of 
the  NCT  to  measure  transition  in  that  excellent  signal-to-noise 
data  were  obtained  and  the  relative  levels  during  the  sweep 
were  as  expected.  Features  of  these  traces  were  the  sharp 
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rise  of  the  signal  to  a  maximum  level  followed  by  a  reduction 
to  a  level  higher  than  laminar  but  lower  than  the  transition 
peak.  The  final  level  is  indicative  of  full  turbulence  at 
the  transducer  location. 

The  static  and  dynamic  data  for  Reynolds  number  of  8 
million/meter  indicate  that  transition  on  the  model  is 
forward  of  the  N5,  N6  (station  46  cm).  The  dynamic  data 
shown  in  Figures  28-32  for  Re^  of  8  million/meter  show  a 
laminar-transition-turbulence  trend  but  with  little  contrast 
as  was  seen  in  Figures  23-26  for  the  lower  Reynolds  number 
of  4  million/meter. 

It  had  been  expected  that  the  NCT  noise  improvement 
concept  would  have  been  verified  by  the  wind  tunnel  test 
static  data.  Using  Table  3  and  comparing  levels  of  right, 
left  and  null  NCT  settings,  the  data  indicate  that  the  null 
setting  reduced  the  s ignal-to-noise  level  rather  than 
increasing  it.  Fairly  large  ratios  of  levels  from  right  and 
left  to  null  settings  were  obtained  but  where  transition  was 
occurring  (e.g.  N3  and  N5  at  a  =  2.5°)  the  null  setting 
apparently  reduced  the  boundary  layer  signal  more  than  the 
noise.  The  reason  for  this  unexpected  result  may  be  that 
the  crystals  of  the  NCT  sensor  were  placed  too  close  with 
the  result  that  the  boundary  layer  signals  at  the  two 
crystals  were  highly  correlated  and  were  reduced  significantly 
in  the  subtraction  process. 

3.2.3  Broadband  Analog  Data 


Analog  broadband  magnetic  tape  recordings  were  made  of 
the  data  from  five  of  the  six  NCT  channels.  The  sixth  (channel 
1)  was  not  recorded  due  to  amplifier  failure  at  test  time. 

The  recording  bandwidth  was  500  khz  but  the  overall  system  was 
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limited  to  approximately  100  khz  due  to  the  sensor  preamplifier 
output  impedance  and  the  40  feet  of  cable  from  the  model  to 
the  signal  conditioning  chassis. 

Selected  NCT  broadband  signal  records  have  been  examined 
to  determine  if  correlation  exists  to  the  digital  data  presented 
in  the  preceding  section.  These  records,  for  channels  3  and  5 
are  shown  in  Figures  33  through  38  are  plots  of  spectrum 
analyzer  traces  obtained  by  tape  playback  through  a  spectrum 
analyzer  then  to  an  x-y  plotter.  Flow  and  mode  conditions 
for  the  data  are  given  in  the  figures;  the  Reynolds  number  was 
constant  at  4  million  per  meter.  The  data  group  number  has 
been  placed  on  each  of  the  figures  so  that  comparison  may  be 
made  with  the  data  in  Table  3  in  which  the  narrowband  d.c. 
output  data  are  listed  for  these  same  data  groups. 

The  quality  of  the  broadband  signals  shown  in  Figures 
33-38  is  not  very  good  because  the  signal-to-noise  ratio  is 
low.  The  two  principal  contributors  to  the  low  S/N  ratio 
were  the  boundary  layer  signal  and  a  poor  choice  of  the  point 
to  pick  off  the  NCT  signal.  (Broadband  data  was  taken  directly 
from  the  center  terminal  of  the  balance  potentiometer ;  a  better 
choice  would  have  been  to  take  the  signal  out  after  one  or  two 
stages  of  amplifications). 

Boundary  layer  signals  can  be  seen  in  Figures  34  and  35 
for  channel  3  and  in  Figures  37  and  38  for  channel  5;  locations 
of  the  signals  are  marked  on  each  of  these  figures.  The 
appearance  of  relatively  large  signals  in  this  group  correlates 
well  with  the  large  amplitudes  noted  for  the  same  groups  in 
Table  3.  The  increase  occurs  in  channel  3  data  at  a  lower  angle 
of  attack  (1.25°)  than  in  channel  5  which  is  expected  because 
channel  3  is  further  aft  than  channel  5. 
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Figure  34.  NCT  3  Spectrum,  Right  Setting 


Figure  36  .  NCT  5  Spectrum  ,  Null  Setting 


Figure  37.  NCT  5  Spectrum  ,  Right  Setting 
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Figure  38.  NCT  5  Spectrum  ,  Left  Setting 


It  should  be  noted  that  boundary  layer  spectra  containing 

broad  peaks  have  been  observed  by  another  experimenter  using 

a  hot  wire  anemometer  in  the  transition  of  pre-transition 
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zone  of  the  boundary  layer  flow.  The  broad  peaks  of  the 
transition  spectrum  give  away  to  a  more  continuous  monotonic 
spectrum  as  the  flow  becomes  fully  turbulent.  The  exact 
mechanism  which  creates  this  type  of  transition  spectrum  is 
not  fully  known  nor  is  its  relationship  to  the  traditional 
boundary  layer  parameters  known  complete  enough  to  predict 
the  characteristics  of  the  spectrum. 

The  broadband  data  also  seem  to  affirm  that  the 
cancellation  feature  of  the  NCT  was  not  operating  as  theorized. 
The  evidence  for  this  conclusion  is  that  the  data  in  Figures 
33  and  36  taken  with  the  NCT  set  in  the  null  positions  show 
no  or  minimal  boundary  layer  signal.  Cancellation  is  present 
as  evidenced  by  the  lower  levels  around  the  zero  frequency 
marker  on  the  plots  for  null  setting  compared  to  either  the 
left  or  right  settings. 

This  indicates  that  the  boundary  layer  signal  was 
probably  highly  correlated  between  the  right  and  left  sensors 
and  was  cancelled  in  the  subtraction  process. 


4.0  CONCLUSIONS  AND  RECOMMENDATIONS 


A  noise  cancellation  transducer  was  developed  and  tested 
on  this  program.  The  results  presented  in  Section  3.0  showed 
that  boundary  layer  signals  can  be  measured  with  good  signal- 
to-noise  ratio  in  high  noise  background  wind  tunnel  tests. 

The  NCT  function  was  partially  validated  in  the  small 
model  test  wherein  it  was  noted  that  the  cross-flow  transducer 
produced  a  significantly  higher  transition  signal  than  did 
the  parallel  flow  transducer.  It  is  believed  that  the  trans¬ 
ducer  crystals  were  too  close  together  to  permit  good 
cancellation  data  in  the  AEDC  Test  where  the  boundary  layer  was 
thicker . 

Recommendations  for  further  work  include  the  following: 

1)  Additional  testing  with  an  NCT  with  larger 
crystal  spacing. 

2)  Determination  of  the  optimum  frequency  band 
with  which  to  distinguish  the  boundary  layer 
conditions . 

3)  Testing  in  comparison  with  older  established 
methods  to  permit  better  understanding  and 
acceptance  of  the  acoustical  signal  method. 
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